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Fredjlaber, !ultir'ath in the Three-Dimnens..onal Underwater Arrayt.,

AP "nr 're K-FPJLIC RJ dAA.sU

MULTIPATH IN THE THREE-D-.-Y VNION UNDrhUWtTh ARFL\Y

A planar array of wi dely di sprsed hydropricncs deployed in a horizontal

plane several hundred meters be-lo-,, th- surface of the sea kac been analyzed.

and reported earlier [1, 21. Beca--uso of the di persive nature of the un-der-

water medium,,sigcnal encrgy approaches thc array from a source along a r.urnlzer of

refracting paths. This rt-sul ts in r ultipath i terfferece. av-d a possible

consequent loss o' output. Ray arrivnls fro!: thoe source typically fall into

a rang-e of vertiaal angleS Zt th2 recE--v-r wnicii nro 10' relative to the

horizontal. The vertical bca-dhof a planar aatenna is larg e enoughi to

accept all rams in such a range, henrc' it is mu1 tipath scnsi Live. A th;:ee-
dimensional array is capablo of a sc v c~~rLica] foc us and' will be lessensi-

tive to the kind of multipoth' typi c-al In. thic appi iclt ioo, fi. fact, by suit ably

proce~ssing th-2 array out pu t thore. is the p ss f "MI! ty tU- -t t he mtl ti path arrival s

;.j ~can be separate) y rcceived nnd thern corthir.'d ii: lp'se to iachieve: all "ang2le of

____ arrival diversit)" ' Sytem 4 ats sg~tt in Fl gurv 3.1. SLuch nystei-ls li, vt b-on

~~1 ~proposed for trupospheric -s otter reicr.

We analyzi- the moa,,n poer S: F such a Frv.-t,-:i bcl in,:. 'if the arr.-. is

focused LO look i7-. the, p i~ts re~n eLO a1 o;a a a~ua~rlr

to the - plan. i-s
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Here 0 Sis the vertical angle to which the array is to be focused;

(xn, yn z n) is the position of the nth array element. (1) assumes M ray

arrivals each given by B e with vertical arrival angle 0

We concentrate on the oiitput whvii the source is on the main beam; that

is, when 90'. Then

1T M N jfkIly n(sinG - sinGo ) + z n(ens0 M coso )]I

m=1 n-iin s n
(2)
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We calculate the mean power response of the array given by

2~ <B, B>mI An 1  n 2 n1 n2 2

< jk[Yn (sinOm - sinO s ) - y (sinm2 - sin0 s)]

jk[z n(cosm - cosO s ) z (cos9 m cos )] >

J(m- c m2)

e Ke 0m m2  ()

We have

j(O - ) = , (4)

<e 1 m2> mm

the Kronecker delta, so that

M N N j k(y n - Yn 2 )(sinO m-S sin

2 . L /B m'

m=l nl=1 n2=1

jk(zn 1 n- ) (cos m-CsO >

MjkY (sino - sinGs)

Y ,/B 2> ' N Y Y c
M=1 L n1=1 n2 =l

n]3 n2 jk z (cos M- cosO )

sI iT s in'• e /

-jkv (i! -sn9 )

l%-J • ,, p[ ns

-ikz2 (Cos"- coF'

(5)
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We assume all vectors (Vnil Zn ), ni 1, 2, ...N identically distributed.
1 1

Furthermore, the random variables y n and z n are assumed independent and
1

symmetrical around the origin. Then

KA(a, 5 I ' B2F (N 2- N)
2sm=1 L

2
jky (sine - sine s) (6)

Ke n m s
jkz (cesO - coSOs)

* K e n 21

The expectations oa the right are characteristic functions,

4(jt) <e j tu > (7)

where the random variable u is either y or z and t is correspondingly

either k(sin0 m- sin 0 
s) or k(cos0 m- cosO s). The random variables will here

be specified as, either, uniformly distributed in an interval (-h, h), or
2

normally distributed around zero with variance a . Thus for the uniform

case

sin ht¢(jt) =  ht(8)

and for the normal case

-I 2 2

(jt) = e (9)

If the variables y and z are hot1, norm:l withm Variace a 2  and a2
.i11 n Y

respectiv,'ly, we have

QPR No. lI
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iM

2 2<
<JA2 + CV-I)•

m l< > 1(10)

-[ay2k2 (sin m-sin s) + az2k2 (cosOm-coseS) 2
y m

2
If the variable y is normal with variance a and the variable z is

y n
uniform in (-h, h) then

<I 2 T es) =1> < 2m -e- 2 k 2 (sinC'm- sines ) 2

K AS) >> N I + (N-i) -
2 (1

sin kh(coSo m-cos3 S I[kh (cos-," - cosO)
in s

An inspection of (10) or (11) leaeds to the conclusion that if the

vertical dimension of the array is in the order of 10 wavelengths the

vertical bea:width will be about ' 1 ° . FUrt ierr'.ire rays entering through

this narroweawidth (hence e-clun , ctl,-r rays arrivi:ag at vertical

angles outside the vertical bcamidt:) will te sufficiently compact to

avoid the effect of p'ia;e decorrellt ion acron;s the array.

We are therefore lod Lo ,ropose the following concept. Let the

array simultanec'uslv form contfigueous vertical beams as indicated in

Figure 3.1. Outputs corresponding to each bea-T, will be simultaneously

present. Ihese outputs are then coherently combined. The operations

required are as indicated ini Figure 3.2. The mechanism being suggested

is similar to that used in an-,Ile of arrival ,tiversit-v communication sys-

tems with maximal ratio col-bilin ig of the diversity :ial n. As a rul.e

in the.Lse svs t. e .ach di ve r s itv branch ts a .ar t e d iet c t ive sensor

an ,r,:atl if ir. |tere neii%' :; 111d pr,,ir~pl it iers ;are co -Tiuo|i fur all

branchos.
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Because sensors are common one may question the effect of noise

generated at the sensor or preamplifier input. Will such noise be

independent when observed at the point of combination of the diversity

branches? The following is a discussion of that point.

A filter

HMf A(f) e f

which acts as a constant gain device and constant phase shifter - that is,

with

A(f) = A

(f) = - sgn f 0a constant)

can be reprecnted by

HMf = A eL-fj f = A cc- (-: sgn f) + J % Sln(-* sgn f)

= A cos: -j A sin -- sjgn f

A filter wit-, frequenc% chn,-ractieristic

H(f) = -jsg

is a Hilbert trausforriAn,, fitter so that a wave fkunction n~t) applied to

11(f) as defined al~ove emergcs as

n Wt cos n(t) + A sin-, n(t)

where n(L) is. the 1hubeirt T.'r ]Isforn of n(t)

By d ircct api'] icat ion of the dof init ionis ,iJ by uso of the Statist ical1

1~~~ propert ics- (,f the- Hlb,-tVi fru ono can s;how that for- stt onnrv

zero imcan, pcocsscs,

QI'R No . 3 1



<n0(t+) n0(t)> A n (t+T) n(t)> = AR (T)

Input and output autocorrelation functions, are proportional. R (T) isn

the input autocorrelation function. Also,

n (t+) n(T)> A coso R (T) + A sino R (T)
0o> n n

giving a relationship between input-output cross-correlation function and

the input autocorrel-ation function. R (t) is the Hibert Transform of
n

R (t). Finally for an input n(t) applied to separate filtersn

-qlsgn f -J'2 sgn f

H(f) = A I e 
and H 2(f) = A 2 e

the cross-correlati~n function of the two cutput'; n (t) and n (t) is
01

nol (t+T) no(t)'> = AA 2 [cos(-4 2 ) R (C)+ ,in(f1-.2) I

Consider now the block diagram of Figure 3.2. Each branch is com-

prised of the sum of ": inputs, one from cach array element and phase

shifter. Branch 1, for instance, contains a wave function

N N
N (t) (t)= f (cos n (t) + sinl n Ct)]

nll nl n n n0n=1 n=l n

where n n(t) is the output at the n'th sensor, and n onl(t) is the phase-

shifted output of the n'th sensor contributing to branch 1. l is defined

in Figure 3.2.

QPR No. 31
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The output N (t) will ultimately be applied through the second filter

with characteristic given by A I e resulting in an output

N
Ml(t) = A1  [cos( n + ni) n(t) + sin(p n+ 1) n(t)]

n=

For all I branches taken together we get

I I N
N(t) : H.(t)- Aicos +). i)n (t)i~~i n~

L
+ sin(;n + ) nn(t)]

We view the n (t) to b, Gaussion noi!.e, pre.sent at the sensor outputs -n

generated in the setiisor, its i'ranc1 il i-or imd t'[he sc:.sor's imrediate

surroundings. ,. 'e u::: n (t) is indL. p:iJ.,it cf i (t) for n i m. Thus

we exclude external j s, wl ich rIv M ,V cOcr ','!t 'd -cru.s.; several sensors

The variance of N(t) is then

! 1 N N. *

2 . . t n (

• j Uj i >

I I N 2

i::l j I ii- 1

L

4 )> I

W1, e hvc the iIjj '' , !' :j 1 ,!
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of n n(t) and n m(t) for all n and m for a Gaussian process. It can be
shown that

Kn ^nt(t)

so that

K N (t) > = n )> <A.A osi- cl .+ W. >
n=1 j=l cos nj J

To continue this analysis we require the joint statistical properties

of the phase shifts and the amplitude factors. For our purposes at present

we may assume the A. constant for all i = 1, 2, ... I. But the phase shift

properties are needed. Note the following. If A. = 1, all i, and

< cos(% , - 0,< 'nj' i=0

except when i = j, then

K N 2 (t) > < n Kn' (t) >

However, if the angular differences were small so that

<Kcos( r '. nj i > 1

for all j and j then

K N 2 (t) > 2~ n 2~ (t) >

In tie latter ci,! e the branch noatos are correlated and add coherentlv.
In the former cnse the'y ;re uncorrel.ated and add incoherently.

The difference :gle statistics are uider InvesLigation and will be

reported Later. A prol mi oar. r.ciicu]t!itm indicates that for the array

size env1:;iond in thi; npp] caton the ins'ulnar difference. may be large
enot1'.h for the fir,;I. ccaditil- ;!1'ove to be Corproxrimaely correct..

Fred Illber
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